Sixteen carriers of rob(1;29) (one of which was homozygous) from six different breeds (four Italian and two Portuguese), two heterozygous carriers of rob(26;29), three river buffaloes and two sheep were cytogenetically investigated in this study by using banding and FISH-mapping techniques (the latter only in cattle and river buffalo). Single-and dual-colour FISH were used with bovine probes containing both INRA143 (mapping proximally to BTA29) and bovine satellite (SAT) DNA SAT I, SAT III and SAT IV (mapping at the centromeric regions of cattle chromosomes). The combined use of these probes, the comparison of rob(1;29) with the dicentric rob(26;29) and with both river buffalo and sheep chromosomes (biarmed pairs) allowed us to hypothezise that rob(1;29) originated from complex chromosomal rearrangements through at least three sequential events: (a) centric fusion with the formation of a dicentric chromosome; (b) formation of a monocentric chromosome with loss of SAT I from both BTA1 and BTA29, most of SAT IV from BTA29 and, probably, some repeats of SAT III from BTA1; (c) double pericentric inversion or, more probably, a chromosome transposition of a small chromosome segment containing INRA143 from proximal p-arms to proximal q-arm of the translocated chromosome.
Introduction
Domestic animal cytogenetics was born when the first cattle chromosome (BTA) abnormality Y rob(1;29) Y was discovered (Gustavsson & Rockborn 1964) and, more specifically, when its deleterious effect on the fertility of Swedish red cattle was demonstrated (Gustavsson 1969 , Dyrendhal & Gustavsson 1979 . These studies have attracted the attention of many cytogenetic laboratories and several chromosome abnormalities have been discovered in many domestic species (Gustavsson 1980) . However, Robertsonian translocations (i.e. centric fusions = CF) have been the most common chromosome abnormalities found in cattle (Gustavsson 1980 , Long 1985 , Iannuzzi et al. 1987 . All these translocations have been found to be dicentric (two centromeres), except for rob(1;29) which is monocentric. Dicentric translocations are to be considered of recent origin as chromosome mutations, as they have been found occasionally in several animals. By contrast, rob(1;29) is considered to be of ancient origin because it has been found in more than 40 different breeds (Popescu & Pech 1991) , mainly meat breeds, with different frequencies, reaching the highest in Portuguese Barrosã cattle, with 70% of individuals with rob(1;29) (17% of which are homozygous) (RangelFigueiredo & Iannuzzi 1993) . Only in the Italian Grey Alpine breed has an appreciable frequency (11%) of carriers been found to carry a dicentric CF involving chromosomes 26 and 29 . CF has also been the most common chromosome rearrangement occurring during the autosome karyotype evolution of bovids (reviewed in Iannuzzi & Di Meo 1995) .
Rob(1;29) has been characterized by using C-, Gand R-banding techniques. These approaches revealed that rob(1;29) is monocentric with a large block of heterochromatin located proximally to the q-arms (Iannuzzi et al. 1987 , Rangel-Figueiredo & Iannuzzi 1993 . The comparison between rob(1;29) and both BTA1 and BTA29 revealed that the centromere of BTA29 may be lost and that of BTA1 retained (Iannuzzi et al. 1987 ). However, the proximal region on rob(1;29) q-arms appeared larger than the corresponding one of BTA1, suggesting that part of the BTA29 material (centromere) could be retained on the q-arm during the centric fusion event (Iannuzzi et al. 1987 . Lack of complete pairing between the translocated chromosome and normal BTA1 and BTA29 has also been demonstrated by synaptonemal complex analysis (Switonski et al. 1987) .
A further contribution to understanding the origin of this translocation was achieved when Eggen et al. (1994) used a probe (INRA143) mapping proximally to BTA29 and proximally to rob(1;29) q-arms, suggesting that this translocation may have originated both from a centric fusion and a pericentric inversion. However, they investigated only two animals from the same breed.
More recently, centromeric probes containing cattle satellites (SAT) DNA I, III and IV were hybridized to five different Portuguese cattle carriers of rob(1;29) from two breeds by using a dual-colour FISH (Chaves et al. 2003) . On the basis of this approach the same authors suggested an alternative origin for this translocation such as reciprocal translocations and loss of SAT. In particular, there was a retention of some repetitive sequences from the BTA29 centromere on the rob(1;29) p-arms, and from BTA1 on rob(1;29) q-arm side.
In this study we investigated 16 carriers (one of which was a homozygous carrier) from six different breeds (four Italian and two Portuguese), and combined both banding and dual-colour FISH-techniques using probes containing both INRA143 and bovine satellites DNA SAT I, SAT III and SAT IV. Furthermore, comparison with other species, such as river buffalo (BBU) and sheep (OAR), which are thought to evolve their karyotypes through CF and with the dicentric rob(26;29) of the Italian Grey Alpine cattle breed , allowed us to confirm the loss of SAT as reported earlier (Chaves et al. 2003) and support different and complex chromosome rearrangements originating rob(1,29).
Material and methods
Sixteen rob(1;29) carriers, from six different cattle breeds comprising four Italian (Podolian Y two animals, Chianina Y four animals, Marchigiana Y five animals, Maremmana Y three animals) and two Portuguese breeds (Barrosã Y two animals including one homozygous carrier, Alentejana Y one animal), two heterozygous carriers of rob(26;29) from the Grey Alpine breed, three river buffaloes and two sheep were studied. Peripheral blood lymphocytes cultures, CBA-and R-banding, as well as FISH mapping technique were as previously reported (Iannuzzi 2003 , Di Meo et al. 2005 .
As probes we used a bovine BAC clone containing INRA143 (Eggen et al. 1994) and bovine satellites DNA (SAT) I, III and IV previously employed by Chaves et al. (2003) . SAT I, III and IV probes were labelled with both biotin or digoxigenin (Chaves et al. 2003) , while INRA143 was only biotin-labelled by nick-translation, and ethanol-precipitated in the presence of bovine Cot-1 DNA for the in-situ suppression of repetitive sequences. At least 15 meta-phases per animal were captured by a colour-coupled CCD camera (Coolsnap, Photometrics) and later processed by superimposing FITC (green) or/and rhodamine (red) signals on RBH-banded chromosomes. R-banded ideograms of BTA1, BTA29 and rob(1;29) were constructed on the basis of the latest cattle standard chromosome nomenclature (ISCNDB2000 2001).
Results and discussion Figure 1 shows CBA-banding patterns of cattle rob(1;29) compared with those of both river buffalo and sheep. While a large block of heterochromatin can be seen on the proximal region of rob(1;29) q-arms, the biarmed pairs of both river buffalo and sheep (originating from the centric fusion transloca- tion of 10 and six cattle/goat homoeologues, respectively) show small C-bands. However, the intensity of staining (fluorescence) was brighter in the normal autosomes than that achieved on the rob(1;29) heterochromatin block. In the same figure, details of rob(1;29) with INRA143 FITC-signals on heterozygous ( Figure 1D ) and homozygous ( Figure 1E ) carriers show very clearly that INRA143 maps in the pericentromeric region of BTA29 and proximally to rob(1;29) q-arms. Since the same results were obtained in all the carriers investigated from six different breeds, we believe that this pattern is common to all rob(1;29) carriers as an ancestral rearrangement. Interestingly, propidium iodide (PI) used for chromosome staining in single-colour FISHapplications ( Figure 1D ,E) stains intensely the centromeres of all autosomes and only partially (small positive region) that of rob(1;29).
Co-hybridization of INRA143 and SAT I on RBHbanded chromosomes shows very clearly that SAT I is present in both normal BTA1 and BTA29 and apparently absent from both arms of rob(1,29) (Figure 2a ). SAT IV is largely present on BTA29, in a small amount on proximal rob(1;29) p-arms, and is lacking on both normal BTA1 and rob(1;29) q-arms (Figure 2b ). SAT I and SAT IV seem to overlap on BTA29. Indeed, both SAT hybridizations cover the same areas which are very close to INRA143 FITC-signals (Figure 2a,b) . SAT III is lacking in BTA29 and present in BTA1, together with SAT I, although the latter appears more centromeric to SAT III (Figure 2c ), as previously reported (Chaves et al. 2003) . SAT III is the only SAT present on rob(1;29) q-arms (Figure 2d) , and co-hybridization with INRA143 reveals that the large area highlighted by SAT III should also include the chromosome region containing INRA143 (Figure 2d ). This large area containing both SAT III and INRA143 chromosome region agrees perfectly with the C-banding patterns of this translocation ( Figure 1A ). The loss of SAT I during the formation of rob(1;29) might also explain the less intense C-band of rob(1;29) HC-block (Figure 1 ), when compared with the remaining autosomes containing SAT I (this study; Chaves et al. 2003) . The same can be observed in Figure 1D ,E when comparing the less-stained centromere of rob(1;29) with the remaining acrocentric chromosomes, when using PI-staining.
Unlike rob(1;29), SAT I and SAT IV are both present in rob(26;29) (Figure 2e ), suggesting that all SAT are probably conserved in dicentric translocations, although this finding needs further confirmation on other CF analysis.
BBU5 originated by centric fusion of homoeologues to BTA16 and BTA29 (q-and p-arms, respectively) , CSKBB 1994 , and C-bands are very small in this chromosome ( Figure  1B) . When hybridizing INRA143 on river buffalo chromosomes, clear signals were detected on BBU5, close to the centromere but proximally to the p-arms (Figure 2f) , confirming that almost all the heterochromatin (i.e. SAT) was lost during, before or after the centric fusion event that produced this biarmed chromosome (as with the others of this species) ( Figure 1B) , and apparently no further rearrangements occurred after the formation of this chromosome.
On the basis of these observations we hypothesize that rob(1;29) of cattle may have originated from at least three sequential events (Figure 3 ):
1. Centric fusion with the formation of a dicentric chromosome (1+29) ( Figure 3C ) as occurred on rob(26;29) and, very probably, in all dicentric Robertsonian translocations; 2. The origin of a monocentric chromosome with loss of a chromosome fragment containing SAT I from both BTA1 and BTA29, most SAT IV repeats from BTA29 and, probably, some SAT III repeats from BTA1 ( Figure 3D ). However, after this event, the small chromosome region containing INRA143 remained in the p-arms ( Figure 3D ), while we know that this region is located proximally to rob(1;29) q-arms (Figures 1  and 2 ). Starting from this monocentric translocation, two possible and alternative chromosome rearrangements took place to reach the present rob(1;29): (a) A double pericentric inversion: the first with two breaks occurring on the centromere of rob(1;29) and proximally to the p-arms (containing a chromosome region where both INRA143 and the rest of SAT IV are present); the second with two breaks occurring on the centromere of rob(1;29) and proximally to the q-arms containing a small region with SAT IV which, from proximal q-arms, returns to proximal p-arms to stabilize the chromosome ( Figure 3EYG ). (b) Transpo- sition of a small chromosome region containing INRA143 from proximal p-arms to proximal q-arms in the pericentromeric region containing SAT III ( Figure 3H,I ).
Transposition is a complex chromosome rearrangement which requires at least three chromosome breaks. However, these rearrangements have occurred not only in primates (Montefalcone et al. 1999 , Ventura et al. 2004 ) but also in bovids, essentially in the X-chromosomes (Robinson et al. 1998 , Iannuzzi et al. 2000 . Hence, we incline towards the transposition hypothesis rather than double pericentric inversion. Indeed, while double pericentric inversion would exclude SAT III at the proximal q-arm pericentromeric region (due to the presence of the small chromosome region containing INRA143) ( Figure 3G ), with the transposition event the chromosome region containing INRA143 has been included in the pericentromeric region containing SAT III ( Figure 3I ). Certainly, the presence of SAT at the centromere region gives to the fused chromosome the necessary stability for being maintained. This hypothesis is also in agreement with the Cbanding patterns achieved in rob(1;29) ( Figure 1A ) where the C-banding staining covers the whole proximal q-arm region (SAT III) and a very small proximal p-arm region (SAT IV).
Although rob(1;29) was discovered more than 40 years ago, and is found worldwide, its origin still remains unclear. The present study, in addition to previous findings (Eggen et al. 1994 , Chaves et al. 2003 , shows that complex chromosome rearrangements such as (a) CF with the formation of dicentric and subsequent monocentric chromosomes with (b) loss of SAT followed by (c) pericentric inversions or, more probably, (d) by a transposition event, occurred during the formation of this famous chromosome polymorphism. Comparison of this translocation with other biarmed chromosomes of species for which CF is a prevalent mechanism in their autosomal chromosome evolution (river buffalo and sheep) and where very small amounts of HC were detected, suggests that rob(1;29) is still evolving by progressive loss of HC from q-arms (SAT III).
